Abstract For microwave heating pasteurization processes, knowledge of the dielectric characteristics of foods are very important. In this paper, we present the dielectric properties of raw soy milk and commercial packed soy milk of four different flavors (light, natural, chocolate and pecan) from 500 MHz to 20 GHz, covering most of the assigned frequencies by the Federal Communications Commission for heating purposes. Experiments were performed using an open-ended-coaxial probe and a vector network analyzer. This characterization was carried out for temperatures ranging from 20 to 70°C in steps of 10°C. The dielectric constant of soy milks decreased with increasing frequency, while increasing temperature resulted in decreasing of the values. The dielectric loss factor presents a U shape behavior, where the loss started decreasing from 500 MHz to about 3 GHz and then, it increased again up to 20 GHz. In addition, higher temperatures decreased the dielectric loss. Applying the higher order Debyes equation, two relaxation times were calculated for the soymilks, with good agreement with the measured properties. Deeper penetration of microwaves were obtained for raw soy milk at 915 MHz, making it suitable for microwave pasteurization.
Introduction
In daily use, soy beverages are used as a supplement of proteins and as a good choice for lactose-intolerant people. Soy milk is produced by soaking dried and ground soybeans in water. Packed soy-milk is also added with vitamins and minerals, iodized salt, natural colors and sucralose. It contains at least 3% protein and less than 1% fat. Its protein content is similar to cow's milk, it has little saturated fat, and it is naturally cholesterol free. As soy milk contains indigestible calcium, which is bound to the bean's pulp, manufacturers add calcium carbonate to their products. Soy based milk can be used as an infant formula for the children with galactosemia as it does not contains galactose (Muraro et al. 2002) .
Ultra High Temperature (UHT) treatment is one of the most popular methods for milk pasteurization. However, cows milk under UHT treatment develops over-cooked and other undesirable flavors (Oupadissakoon et al. 2009 ). In the case of soy milk, the use of intense heat for the extraction from the beans destroys the trypsin inhibitor, but also, denatures proteins, resulting in amino acid degradation and other deteriorative reactions (Murugkar 2014) . Recently, microwave heating is being considered as an alternative for pasteurization processes in several fluid foods (Salazar-González et al. 2012) . Huge potential of microwave for green coconut water has been reported (Franco et al. 2015) . Also, certain advantages of microwave pasteurization at 915 MHz over indirect UHT for skim milk were detected, such as less darkness and absence of astringency (Clare et al. 2005 Early studies explored the microwave pasteurization of milk at 2450 MHz in batches, by Jaynes (1975) . However, in order to develop effective pasteurization processes, the dielectric properties of foods must be well known (SosaMorales et al. 2010) . Dielectric properties, which include the dielectric constant and dielectric loss factor have important effects on the interaction between electromagnetic energy and the material to be heated, and are important to control further processes (Torrealba-Meléndez et al. 2015; Alifakı and Ş akıyan 2017) .
Dielectric properties of certain milks have been reported, such as cows milk from 1 to 20 GHz (Nunes et al. 2006) , milk and soy beverages at 915 MHz (Coronel et al. 2008 ) and diluted cows milk as a new technique for quality milk evaluation (Guo et al. 2010 ). In addition, dielectric properties of raw cows milk and goats milk were reported by Zhu et al. (2014) at temperatures from 25 to 75°C, over the frequency range of 10-4500 MHz.
Nevertheless, dielectric properties of soy milk covering a wide frequency range relevant to develop microwave heating protocols for pasteurization have not been published. The ISM frequencies (frequency allocations for Industrial, Scientific and Medical applications) by the Federal Communications Commission for heating are 915, 2450, 5800 and 24,125 MHz (USDA 2000) .
The dielectric properties of a material determine the interaction between the material and the applied electromagnetic field. These include the dielectric constant (e 0 ) and the loss factor (e 00 ), the real and imaginary parts of the permittivity, respectively, where e ¼ e 0 À je 00 and j ¼ ffiffiffiffiffiffi ffi À1 p . The dielectric constant is related to the energy stored in the material and directly affects the intensity of the electric field inside it. The dielectric loss factor is related to the converted electromagnetic energy into heat in the material. Therefore, a material with higher value of loss factor is capable of converting more energy into heat than a material with lower loss factor. The ratio of the dielectric loss factor over the dielectric constant is called loss tangent:
The mathematical expression to describe the permittivity for pure polar materials was developed by Debye in 1929. The real and the imaginary parts can be expressed as (Metaxas and Meredith 1993) :
where e 0 s is the static dielectric constant, e 0 1 is dielectric constant at high frequencies, f is frequency in Hz, and s is the relaxation time in seconds. This time is defined as the period in which dipoles revert to random orientation when the electric field is suppressed (Nelson and Trabelsi 2012) . Any change in dielectric properties will change the absorption of microwaves and hence, the heating rate and uniformity of the temperature distribution of the product. However, foods and milks are not pure materials, they are heterogeneous mixtures with more than one relaxation time. Therefore, higher order equations may be needed, for which, Debye equation may be rewrtitten as (Duhamel et al. 1997 ):
where s i 's are the relaxation times, and De i 's are the changes in dielectric permittivity due to dispersion related to s i . The Cole-Cole diagram is the graphical representation of Debye equations, represented by plotting e 00 versus e 0 . For pure materials, a semicircle shape is obtained in the complex plain, where the summit represents the relaxation time (Nelson and Trabelsi 2012) . But, for a material with more than one component, more than one relation time may be involved.
The objective of this work was to determine and analyze the dielectric properties of raw soy milk and different ultrapasteurized soy milk formulations (natural, light, chocolate and pecan) over a wide microwave range from 0.5 to 20 GHz and different temperatures.
Materials and methods

Materials
Raw soy milk was prepared in the lab. Yellow soybeans ((100g) were soaked in purified water overnight (16 h at room temperature). Soaked beans were ground with 1500 mL of hot water (70 8C) in a soy milk maker machine. Soy milk was cooled in iced-water until room temperature.
Ultra-pasteurized packed Ades TM soy milks from four different formulations were bought at a Mexican supermarket. From the nutrimental information declared by manufacturers, chocolate flavor soy milk has highest contents of energy (132 kcal), proteins (6.6 g), sugar (14.5 g), carbohydrates (16.1 g), dietary fibers (3.1 g), and sodium (205 mg). Light soy milk contains the least amount of energy (83 kcal), proteins (6.2 g, similar in natural and pecan flavors), sugar (0.2 g), carbohydrates (4.6 g), dietary fibers (2.9 g), and sodium (199 mg). Total fats are higher in pecan flavored milk (4.8 g) compared to natural (4.7 g), chocolate (4.6 g), and light (4.4 g) formulations.
Physicochemical analysis pH and total soluble solids were determined in the soy milk samples. pH was measured for 50 mL of soy milk by using a pH meter (model pH120, Conductronic, Mexico), previously calibrated with buffers 4 and 7. Total soluble solids (8Brix) were determined with a digital refractometer (model 96801, Hanna Instruments, Romania), previously calibrated with distilled water. Both analyses were carried out in triplicate at room temperature (20 8C).
Dielectric properties
The open-ended-coaxial probe is a common instrument to study dielectric properties of liquid and semi liquid materials (Coronel et al. 2008; Sosa-Morales et al. 2010; Salazar-González et al. 2012; Zhu et al. 2014) . The equipments employed for the measurements were a Keysight Technologies N9918A FieldFox vector network analyzer (VNA) and an 85070E open-ended-coaxial probe kit. The VNA was turned on for approximately 1.5 h for stabilization. Then, the standard open-short-load calibration was performed with 101 discrete frequencies.
Subsequently, the open-ended-coaxial probe was connected to the VNA and air, short, and deionized water calibrations were conducted at room temperature (25 8C). The height of the probe was optimized based on a 500 mL of liquid sample. The probe end was kept at 36 cm from ground level, the liquid sample was kept in a glass flask of 13.5 cm height having diameter of 5, and 2 cm of the probe tip was dipped inside the sample. With this setup, a distance of about k/8 from the tip of the probe to the bottom of the sample at the lowest frequency was assured (considering water).
Initially, 500 mL of light soy milk were poured in a glass vessel at a temperature of 20°C. Air bubbles were manually removed to prevent measurement errors. The soy milk temperature was changed to the required value using a hot water bath. The sample was manually stirred to get uniform heating. Once the desired temperature of the milk was obtained, the permittivity measurements were conducted in less than 1 min over the whole frequency range from 500 MHz to 20 GHz. Ten readings were taken at each temperature and the mean values were calculated. After 10 measurements, the temperature of the water bath was adjusted to the next required temperature. In total, the temperatures were changed from 20 to 70°C and measurements were taken every 10°C.
Penetration depth calculation
Penetration depth (D p ) determines the penetration of electromagnetic energy inside the material. Theoretically, D p is the level beneath the surface of the material where the intensity of the radiation falls to 1/e (e = 2.718) of its original value; one expression to calculate D p is given in Eq. (5) (Sosa-Morales et al. 2010) . In microwave heating this parameter is important to determine the heat penetration to maintain uniform heating inside the food.
Relaxation times for soymilks
To complete the dielectric characterization of soy milks, a dielectric relaxation model was applied. Since soy milk is a multi-component and heterogeneous fluid, a second order Debyes equation was employed and parameters were calculated for the different formulations from Eq. (4).
Statistical analysis
Results were analyzed by ANOVA and differences between means were established at the 0.05 probability level (Tukeys pairwise comparison), using the software Minitab Release 16 Ò (Palo Alto, CA, USA).
Results and discussion
Physicochemical properties of natural and flavored soy milks Respect to total soluble solids, the soy milk with lowest soluble solids content was the raw soy milk, (almost 68Bx). Among the packed beverages, light soy milk had the lower content of solids, with 8.3 8Bx. On the other hand, the formulation with highest soluble solid content was the chocolate flavored soy milk (14.88Bx), in accordance with the ingredients list. Differences of pH and solids between raw soy milk and packed natural soy milk are due to water employed for soaking and the formulation, because packed milks include sugars (sucralose and other no specified), hydrocolloids, and vitamins.
Dielectric constant of soybean milks Figure 1 presents the experimental results of the dielectric constant of raw milk and the four samples of packed soy milks. For raw soy milk (Fig. 1a) , e 0 decreased with increasing both frequency and temperature from 500 MHz Fig. 1 Dielectric constant of soy milk from 500 MHz to 20 GHz at temperature range from 20 to 70°C, for a raw, b light, c natural, d chocolate, and e pecan formulations until 9 GHz. Around 9 GHz there is an inflection point, which causes increasing in e' with increasing temperature from 20 to 50 8C (p \ 0.05). Temperature between 50 and 70 8C had no effect on e 0 for raw soy milk (p [ 0.05). For packed soy milks, and from Fig. 1b , the dielectric constant (e 0 ) for light soy milk at T = 20°C was 75.4 at the lowest frequency (500 MHz) and it decreased to 40.9 at the highest frequency (20 GHz). At 70°C and 500 MHz the value was 56.48, decreasing to 34.03 at 20 GHz. From  Fig. 1c , we can see that at 20°C the dielectric constant (e 0 ) of natural milk was 69.02 at 500 MHz and it decreased at higher frequencies (e 0 = 40 at 20 GHz). For 70°C, the value was 50.32 at 500 MHz and at 20 GHz, e 0 value decayed to 36.5. For chocolate soy milk (Fig. 1d) , at 20°C and 500 MHz the dielectric constant value was 71.86 and decreased to 39.3 at 20 GHz. At 70°C, e 0 was 43.7 at 500 MHz and at 20 GHz it was 30.96. Same behaviour was observed for pecan soy milk, which is shown in Fig. 1e : the dielectric constant at 20°C and 500 MHz was 70.05 and at 20 GHz, it decreased to 41.4. At 70°C and 500 MHz, e 0 was 46.4, and at 20 GHz the value was 36.
The dielectric constant of raw milk had a completely different behaviour in comparison with packed soy milks. These differences may be due to difference in pasteurization process and formulations.
The dielectric constant of the packed soy milk samples decreased with increasing frequency and temperature, in accordance with other types of milk reported in the literature (Nunes et al. 2006; Coronel et al. 2008; Guo et al. 2010) . The reason behind this behaviour can be found in Eq. (2). At a given temperature, e 0 s , e 0 ? and s are almost constant, e 0 has a negative relationship with the square of frequency. In terms of temperature, the e 0 values decrease with increasing temperature.
The dielectric constant for packed soy milk samples at 20 8C were in the range from 66 to 73.1 at 915 MHz (Table 2) . These values were in agreement with those reported by Coronel et al. (2008) for soy beverages, with e 0 from 61 to 73 as temperature increased from 10 to 90 8C. The values are also similar to the reported at room temperature and 915 MHz for commercial milk e 0 (67.98) by Kudra et al. (1992) , and UHT whole milk (70) by Nunes et al. (2006) . In contrast, raw cow milk e 0 = 57.7, and goat's milk e 0 = 62.9 (Zhu et al. 2014) had lower e 0 values for packed soy milks at same temperature and frequency. As expected, the dielectric constant in raw soy milk was higher than pasteurized and packed soy milks, due to the higher content of water and lower content of fats, sugar, carbohydrates and sodium. Whereas natural, and pecan flavored soy milk have very close dielectric constants. Dielectric constant curves for packed soy milks are similar to those reported for cow's milk, where at lower temperature, higher dielectric constant was achieved (Zhu et al. 2014) . Dielectric loss factor of soy milks Figure 2 shows the dielectric loss factor of the different soy milk flavors versus frequency. Generally, the graphs exhibit a U shape behavior, where the loss starts decreasing from 500 MHz to about 3 GHz, and then it started increasing again up to 20 GHz. The decrease in dielectric loss factor at low frequencies is due to ionic conduction, which is present in most dielectric materials (Komarov et al. 2005) . The minimum dielectric loss factor values of raw milk (Fig. 2a) were obtained at lower frequencies than the pasteurized packed samples (Fig. 2b-e) . These differences were related to the composition of the samples, as raw milk did not have added ingredients. Additionally, ionic conduction is the main loss mechanism and it is directly related to the temperature. As a result, dielectric loss factor increases with temperature at higher frequencies (Ryynänen 1995) . This behavior is consistent with the reported for goats milk (Zhu et al. 2014) and soy bean beverages (Ahmed et al. 2008 ). The loss factor of raw soy milk was the highest, followed by light, chocolate, natural and pecan formulations (Fig. 2) .
Penetration depth in soy milks
The penetration depth (D p ) values obtained from dielectric constants and loss factors for frequencies of 915, 2450 and 5800 MHz are shown in Table 2 . Raw soymilk, showed penetration depth between 3 and 4.9 cm for 915 MHz depending on temperature. Penetration depth decreased with increasing frequency and temperature. Raw milk at frequency of 5800 MHz showed, the penetration depth in the rage of 0.24 and 0.5 cm. For uniform heating during pasteurization, the thickness of the material to be treated should not be more than 2-3 times the penetration depth (Schiffman 1995). Then, for future continuous microwave systems for raw soy milk pasteurization, pipes could have big diameters bigger than 2 inches under treatments at 915 MHz, which is a common frequency for industrial applications.
Overall, low depth of waves is achieved in packed soy milk samples. At 915 MHz and 20°C, D p of soy milk was 0.22 cm; at 70°C, same frequency of 915 MHz, D p was 0.27 cm for light soy milk, 0.26 cm for natural soy milk, 0.29 cm for chocolate soy milk and 0.3 cm for pecan soy milk. In general, chocolate flavor soy milk exhibitted lower D p their other soy milk samples.
The pasteurization process and formulation (composition and flavor) effected the penetration depth of microwaves in the soy milk samples. Higher penetration was calculated for the raw soy milk than that for packed samples. Thus, raw soy milk is suitable for microwave pasteurization, especially at frequency of 915 MHz. Relaxation times for soy milks By conventional curve fitting, the respective s i s and De i s for soymilk beverages were obtained from a second order equation [Eq. (4), using n = 2]. The results at 20 8C are shown in Table 3 , and the plotted results are shown in Fig. 3 . Good agreement between the experimental (measured) data and the fitting equation was obtained. Soy milk, being complexed system showed two relaxation times, of ps (6.32-7.52 9 10 -12 s) and the other one in the order of ns (47-192 9 10 -9 s). These relaxation times are similar to those reported for other organic fluids with complex composition, such as beef blood with values of 8.38 ps and 132.63 ns at 37 8C (Duhamel et al. 1997) . The relaxation times, besides the fitting from Debyes equation for soy milks, contribute with information to describe the dinstinctive nature and features of this fluid food when is subjected to microwaves. Additionaly, this information aids to describe the frequency-dependent behaviour of the materials, as they are influenced by multiple factors (Nelson and Trabelsi 2012) .
Conclusion
Dielectric constant (e 0 ) of the soy milk samples decreased with increasing of frequency and temperature. The behaviour of e 0 for raw milk was different from packed samples, due to mainly to the composition and the pasteruization process which the packed samples were subjected. Dielectric loss factor of the soy milk exhibited U shape behavior, where the loss decreased from 500 MHz to about 3 GHz, and then it increased again up to 20 GHz. The dielectric loss factor of light soy milk was higher than other packed soy milk flavors, due to its higher water content, which is an advantage for further microwave pasteurization processes. Penetration of microwaves was deeper in raw soy milk at 915 MHz among all the studied soy milks. These results contribute valuable data for further applications, such as microwave continuous pasteurization processes for soy milks.
